The most deviant isochore pattern within mammals was found in rat and mouse; most other mammals possess a different kind of isochore organization called the "general pattern." However, isochore patterns remain largely unknown in rodents other than mouse and rat. To investigate the taxonomic distribution of isochore patterns in rodents, we sequenced the nuclear gene LCAT (lecithin : cholesterol acyltransferase) from 17 rodent species (bringing the total number of LCAT sequences in rodent to 19) and compared their GC contents at third codon positions and in introns. We also analyzed an extensive sequence database from rodents other than rat and mouse. All murid LCAT sequences are much poorer in GC than all nonrodent LCAT sequences, and the hamster sequence database shows exactly the same isochore pattern as rat and mouse. Thus, all murids share the same special isochore pattem-GC homogenization. LCAT sequences are GC-poor in hystricomorphs too, but the guinea pig sequence database indicates that large changes in GC content occur without an overall modification of the isochore pattern. This novel mode of isochore evolution is called GC reordering. LCAT sequences also show that the evolution of isochores in sciurids and glirids is nonconservative in comparison with that in nonrodents. Thus, at least two novel patterns of isochore evolution were found. No rodent investigated to date shared the general mammalian pattern.
Introduction
The vertebrate nuclear genome can be described as a mosaic of isochores-very long DNA segments (200-1,000 kb) in which the base composition is homogeneous (Bernardi et al. 1985) . In mammals, these belong to a small number of families (Ll , L2, Hl , H2, H3) characterized by GC contents ranging from 30% to 60% (Bernardi 1989) . The GC content of sequences, including protein-coding genes, is highly correlated with that of the isochore into which they are embedded (Bernardi et al. 1985; Aota and Ikemura 1986; Aissani et al. 1991; Mouchiroud et al. 1991; Clay et al. 1996) . This isochore organization is strongly conserved among most mammalian genomes, but several compositional differences have been observed through either analytical DNA ultracentrifugation (Salinas et al. 1986; Sabeur et al. 1993; Caccib et al. 1994) or sequence analysis (Mouchiroud, Gautier, and Bernardi 1988; Mouchiroud and Gautier 1990; Mouchiroud and Bernardi 1993) . The most deviant isochore pattern within mammals was found in rat and mouse. In these two species, the variability in GC contents among isochore classes is much lower (Mouchiroud, Gautier, and Bernardi 1988) . This so-called "myomorph pattern" is strongly structured (Mouchiroud and Gautier 1990) and called "GC homogenization. "
Sequence analyses of a small number of proteincoding genes indicated that hamsters (family Muridae, subfamily Cricetinae) may share the same isochore pattern as rats and mice (Muridae, Murinae), whereas guinea pigs (Caviidae) seem to possess the general mammalian pattern. Analytical DNA ultracentrifugation (Sabeur et al. 1993;  Key words: isochore, rodent, GC, genome evolution. Caccib et al. 1994) of rat, mouse, hamster, mole rat (Muridae, Spalacinae), and dormouse (Gliridae, Glirinae) supports the existence of the "myomorph pattern" in at least two families. In contrast, the general mammalian pattern was found in representatives of two other families: guinea pigs (Caviidae) and squirrels and woodchucks (Sciuridae) .
Because of the sparse taxonomic sampling, it is impossible at present to delineate the phylogenetic distribution of the "myomorph pattern." The pattern may be shared by only a small number of families or by several major lineages. Alternatively, a continuum may exist between the "myomorph" pattern and the typical mammalian one. In such a case, rat and mouse may not even represent one extreme of such a spectrum.
The aim of this study is to investigate isochore patterns in rodents through two types of data: (1) sequencing and comparison of a marker sequence in a large sample of species, and (2) extensive database analysis of sequences from rodents other than rat and mouse.
Materials and Methods

Marker Sequence
The marker gene for studying GC homogenization was chosen under the following conditions:
(1) orthologous copies known in human, rat or mouse, and at least one additional mammalian species that is neither a primate nor a rodent; (2) very large GC differences in third codon positions between rat or mouse and other mammals; (3) intron/exon structure known in at least one species; (4) sufficient length of coding DNA with little intervening sequence; (5) no known multigene family; and (6) easy design of polymerase chain reaction (PCR) primers. Condition 1 was meant to ensure that human was a valid representative of mammals. Condition 2 enables us to identify potential intermediate isochore patterns. The other conditions were meant to facilitate PCR and sequencing.
All candidate sequences were extracted and checked by using HOVERGEN (Duret, Mouchiroud, For all species sequenced in this study, DNA samples were obtained from tissues preserved in 95% ethanol from the collection of Preserved Mammalian Tissues of the "Institut des Sciences de l'Evolution," Montpellier (Catzeflis 1991) . Sequences were deposited in GenBank with accession numbers U72293-U72326.
Sequences were aligned by using SEAVIEW (Galtier, Gouy, and Gautier 1996) and are available by anonymous ftp://biom3.univ-lyon I .fr/pub/datasets/MBE97/.
Extensive Database Analyses
From GenBank release 95 and by using QUE-RY-WIN (Perriere, Gouy, and Gojobori 1994) , we extracted all nuclear protein-coding sequences from rodents other than Mus or Rattus. The sequences were mainly from the genus Cavia (guinea pig) or the subfamily Cricetinae (hamsters). For guinea pig, we used sequences noted as either Cavia porcellus or Cavia sp.
Several species are more or less equally represented in hamsters: Cricetulus griseus, Cricetulus longicaudatus, Cricetulus sp., and Mesocricetus auratus. For the 13 orthologous genes that are known for both cricetine genera, the GC contents are nearly identical (r* = 0.96, orthogonal regression slope = 1.00). Consequently, we used both Cricetulus and Mesocricetus genes as representatives of hamsters; when both sequences were available, we used Mesocricetus. Using HOVERGEN (Duret, Mouchiroud, and Gouy 1994) , orthologous copies of these genes were identified in human, mouse, and rat. We used both rat and mouse sequences as "murine"; when both species were available, we used mouse. The two data sets thus obtained are taxonomically limited but contain many genes: 83 genes with orthologous copies in guinea pig, human, and murine, and 135 genes with orthologous copies in hamster, human, and murine. These sets are considerably larger than those used by Mouchiroud and Bernardi (1993) . Only three orthologous genes were found in a sciurid, a murid, and another mammal.
Additionally, a sample of 208 orthologous genes in cow (Bos taurus), human, and murine was used. The accession numbers of all sequences used in this study are available by anonymous ftp at the address above.
Sequence Analysis
The basic measures used in this study were (1) the difference in GC content at aligned third-codon posi-hybridizes with fractions of lower buoyant density from two mm-id species (mouse and mole rat) than from other mammals and birds (Caccio et al. 1994 ). All these results are in good agreement, indicating a pattern of GC homogenization in murids. The fact that mole rat, which appears to be phylogenetically basal to the other murids, shares all the isochore characteristics of rat and mouse according to three different experimental approaches, points toward a common pattern in all murids.
The "myomorph pattern" was the most important of the "special" patterns previously found (Sabeur et al. 1993; Mouchiroud and Bernardi 1993) . It is now clear that this "homogenous" isochore pattern is shared by all species of mm-ids. The traditional subdivision of rodents into three groups (Sciuromorpha, Myomorpha, Hystricomorpha), however, is not well supported by recent work (Hartenberger 1985; Catzeflis et al. 1995; Nedbal, Honeycutt, and Schlitter 1996) , and therefore we suggest the term "mm-id pattern," Muridea being clearly monophyletic. This is the first time that a large and representative sample of species was used to demonstrate that an isochore pattern characterizes an entire monophyletic taxon above the species level.
Evolution of Isochores in Caviomorpha
As far as caviomorphs are concerned, LCAT sequences yield results that are at odds with those obtained through analytical ultracentrifugation.
The compositional pattern of guinea pig DNA fragments was interpreted by Sabeur et al. (1993) as indicative of the general mammalian pattern, while the LCAT sequences of Myocastor (Capromydae) and Octodon (Octodontidae) have GC contents similar to those of murids ( fig. 1 ). Ultracentrifugation results are confirmed by the binding of GC-rich human DNA to guinea-pig DNA of similar buoyant density (Caccio et al. 1994) . Analysis of the extensive data set for guinea pig sheds light on this apparent contradiction (fig. 4) ; while differences in GC composition between orthologous genes of guinea pig and human are often very large, the general distribution of GC contents has the same mean and variance in both species. The remarkable pattern of change between human and murine is almost absent between guinea pig and human; the weak correlation (r2 = 0.13) may indicate a slight trend toward GC homogenization but not sufficient for variances in GC content to be different between guinea pig and human.
Compared to human, guinea pig sequences, which may be genes or whole isochores, have changed isochore class in a seemingly random manner. We call this phenomenon "GC reordering." One possible mechanism for GC reordering would be for caviomorph chromosomes to have undergone numerous rearrangements. Indeed, Viegas-Pequinot et al. (1986) observed that caviomorph chromosomes had undergone so many inversions that it was impossible to determine chromosomal homology between different species in this group.
Caviomorph-like Evolution in Sciurids
Sciurid LCAT sequences have mm-id-like GC contents ( fig. l) , but buoyant density diagrams (Sabeur et al. 1993) are at odds with the idea of a compositional difference among squirrel (Sciurus vulgaris) and nonrodent mammals. Moreover, GC-rich fractions of human DNA bind to squirrel DNA of similar buoyant density (Caccio et al. 1994) . On the other hand, GC3 values in two interleukins are similar in mouse (65% and 64%) and Marmota monax (64% and 67%), while the values in human are lower (55% and 60%). Thus, of four genes investigated, three (LCAT and interleukins) support a mm-id-like pattern in sciurids, while the fourth (P53) exhibits no GC content variation in any species.
Although sciuromorphs do not share the caviomorph pattern of chromosomal rearrangements (ViegasPequinot et al. 1986) , the above results strongly remind us of caviomorphs:
large GC changes, but conservation of the isochore structure.
Isochore Evolution in Mammals
Previous studies (Sabeur et al. 1993; Mouchiroud and Bemardi 1993) have led to the establishment of a "general" compositional pattern in mammals, with strong conservation of GC content of sequences and of several "special"
patterns. In Caviomorpha we found evidence for a different mode of isochore evolution in mammals-GC reordering. It is characterized by large changes in GC content of sequences, without apparent change in the overall isochore pattern, unlike the GC homogenization of mm-ids. Is GC homogenization limited to mm-ids? It is clearly absent in caviomorphs and sciurids. GC content of LCAT sequences separates glirids from other rodents, but a 9-11% difference to human remains much larger than that observed among nonrodent mammals ( fig. 1 ; Mouchiroud and Bemardi 1993) . Analytical ultracentrifugation data for Glis glis yields results similar to those in murids (Sabeur et al. 1993 ), but the compositional distribution was not established. More data are needed to elucidate the pattern of isochore evolution in glirids.
The uncertain phylogeny of rodents (Graur, Hide, and Li 1991; Catzeflis et al. 1995; d'Erchia et al. 1996; Nedbal, Honeycutt, and Schlitter 1996) limits our conclusions to those rodent lineages we have sampled, as others may have followed independent evolutionary patterns. However, the conservative evolutionary mode of isochores that is found in most mammalian orders (Bernardi, Mouchiroud, and Gautier 1993; Mouchiroud and Bemardi 1993) has never been found in rodents.
When a special isochore pattern was found in rat and mouse, two possibilities were raised (Mouchiroud, Gautier, and Bemardi 1988) . Either these genomes underwent a narrowing of their compositional distribution or they represent the ancestral pattern in mammals. The basal position of Insectivora in eutherians is clear (Krettek, Gullberg, and Amason 1995) , yet neither of two species experimentally investigated appear to share the murid pattern (Sabeur et al. 1993; Caccio et al. 1994 ). Added to this, the finding that different isochore patterns and different evolutionary modes characterize different rodent lineages supports a derived status for the murid isochore pattern. In the current state of knowledge, there is no more reason to ascribe ancestral state to the murid isochore pattern than to any other special pattern, and it seems most parsimonious to assume that the general pattern is the ancestral one.
